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Running title: 4-HPPD Enhances Solid-Phase Electron Transfer 
Summary 1 
While mechanistic details of dissimilatory metal reduction are far from being understood, it 2 
is postulated that the electron transfer to solid metal oxides is mediated by outer membrane-3 
associated c-type cytochromes and redox active electron shuttling compounds.  This study 4 
focuses on the production of homogensitate in Shewanella oneidensis MR-1, an intermediate 5 
of tyrosine degradation pathway, which is a precursor of a redox cycling metabolite, 6 
pyomelanin.  In this study, we determined that two enzymes involved in this pathway, 4-7 
hydroxyphenylpyruvate dioxygenase (4HPPD) and homogentisate 1,2-dioxygenase are 8 
responsible for homogentisate production and oxidation, respectively.  Inhibition of 4-HPPD 9 
activity with the specific inhibitor sulcotrione ([2-(2- chloro- 4- methane sulfonylbenzoyl)-10 
1,3-cyclohexanedione), and deletion of melA, a gene encoding 4-HPPD, resulted in no 11 
pyomelanin production by S. oneidensis MR-1.  Conversely, deletion of hmgA which 12 
encodes the putative homogentisate 1,2-dioxygenase, resulted in pyomelanin overproduction.  13 
The efficiency and rates, with which MR-1 reduces hydrous ferric oxide, were directly linked 14 
to the ability of mutant strains to produce pyomelanin.  Electrochemical studies with whole 15 
cells demonstrated that pyomelanin substantially increases the formal potential (E°′) of S. 16 
oneidensis MR-1.  Based on this work, environmental production of pyomelanin likely 17 
contributes to an increased solid-phase metal reduction capacity in Shewanella oneidensis. 18 
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Introduction 
Dissimilatory metal reducing bacteria (DMRB) contribute to biogeochemical cycling of both 
soluble and solid-phase metals, including Fe(III).  DMRB gain energy for growth by 
catalyzing Fe(III) reduction with organic electron donors (Lovley et al., 1988), even though 
most of the Fe(III) in soils and sediments is found in the form of highly insoluble minerals 
(Schwertmann and  Taylor, 1997).  The specific strategies by which DMRB transfer 
electrons to insoluble minerals have not been completely characterized although substantial 
evidence points at outer membrane-associated c-type cytochromes as key mediators of the 
electron transfer to solid metal oxides (Lloyd, 2003; Gorby et al.,  2006).  Another strategy 
involves environmental humic compounds which serve as terminal electron acceptors and 
electron shuttles for iron reduction by DMRB (Lovley et al.,1996).  Humic compounds are 
capable of transferring electrons to iron minerals due to the redox cycling capabilities of the 
quinone moieties that are associated with these heteropolymers (Scott et al., 1998).  This 
scenario, however, is dependent on the quantity and redox cycling capability of humics 
present in the environment since redox activity varies for humic compounds from different 
locations (Scott et al., 1998).  This raises the question of how solid-phase electron transfer 
can be accomplished efficiently when environmental humics are low in quantity or their 
redox cycling capacities are poor.  
The ability for some DMRB to produce their own extracellular electron shuttling 
compounds for solid-phase mineral reduction offers another strategy for growth and survival 
of these microorganisms in the environment.  It was shown that production of a specific 
redox cycling metabolite by Shewanella algae BrY, tentatively identified as pyomelanin, 
plays a role in dissimilatory metal reduction by serving as a soluble and cell-associated 
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electron shuttle (Turick et al, 2002; 2003).  Quantities of pyomelanin as low as 3 fg/cell were 
calculated to be sufficient to increase iron oxide reduction rates by 10% (Turick et al., 2002).  
It should be noted that several types of melanin pigments exist in nature and are produced by 
various biochemical mechanisms.  Pyomelanin originates from bacterial conversion of 
tyrosine and/or phenylalanine as part of the fumarate pathway (Lehninger, 1975) and is 
produced by numerous bacteria (Yabuuchi and Omyama, 1972; Kotob et al., 1995; Ruzafa et 
al.,1995; David et al., 1996; Sanchez-Amat et al., 1998) including members of the 
Shewanella genus (Fuqua et al., 1993; Coon,et al., 1994; Ruzafa et al., 1994).  Complete 
breakdown of these precursors to acetylacetate and fumarate requires the enzymes 4-
hydroxyphenylpyruvate dioxygenase (4-HPPD) and homogentisate oxidase (HGA-oxidase).  
In the absence of HGA-oxidase [or if homogentisate (HGA) production exceeds that of 
HGA-oxidase], HGA is over-produced and excreted from the cell (Coon et al., 1994).  Auto-
oxidation and self-polymerization of excreted HGA results in pyomelanin, a polyaromatic 
heteropolymer which consists of numerous quinone moieties (Ruzafa et al., 1995).  This 
process occurs when oxygen concentrations decline, (Ruzafa et al., 1995) likely at the 
oxic/anoxic zones in the environment.  Other types of melanins include eumelanin and 
allomelanin (Prota, 1992).  Eumelanin results from the conversion of tyrosine to the 
eumelanin precursor 3,4-dihydroxyphenylalanine (DOPA), by the enzyme tyrosinase while 
allomelanins are produced by laccase conversion of phenolic compounds. 
In this study, we elucidated the process of homogentisate production by S. oneidensis 
MR-1 and identified key steps involved in accumulation of pyomelanin.  To better 
understand the environmental relevance of this redox shuttling metabolite, we employed 
genetic analysis and physiological characterization of recombinant S. oneidensis MR-1 
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strains deficient in or displaying substantially increased melanin production.  The relative 
significance imparted by pyomelanin on solid-phase electron transfer was also addressed 
using an electrochemistry approach incorporating cyclic voltammetry to better understand the 
link between genetics and physiology to biogeochemical cycling, especially in relation to 
bioremediation of metal contaminated environments.   
 
Results  
Characterization of melanin production.  Tyrosine supplemented lactate basal salts 
medium (LBSM) resulted in production of a reddish-brown pigment during late log and early 
stationary growth phases.  At pH <2, the soluble cell-free pigment precipitated rapidly 
displaying melanin and humic-like properties (Ellis and Griffiths, 1974).  Following 
precipitation, washing and dialysis, the dried (60°C) pigment resulted in a black powder with 
melanin-like characteristics based on the following properties (Ellis and Griffiths, 1974): 
insolublity in organic solvents (ethanol, chloroform and acetone); solubility in NaOH 
solutions at pH >10; decolorization in H2O2; precipitation by FeCl3; and inability to filter 
through 8-kDa dialysis membrane. 
High pressure capillary electrophoresis (HPCE) analyses of spent cell-free tyrosine-
supplemented LBSM minimal medium demonstrated a peak that co-eluted with the 
homogentisic acid (HGA) standard indicating production of homogensitate, the precursor of 
pyomelanin (Fig. 1).  In contrast, DOPA, the precursor of eumelanin was not detected.  
Laccase is inhibited at elevated glucose concentrations (Frases et al., 2007), but an equivalent 
degree of pigmentation was evident at both 5 and 25g/l glucose supplemented basal salts 
medium with tyrosine, indicating that laccase was not involved in pigment production (data 
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not shown). These data specifically implied the production of pyomelanin and hence the 
existence of 4-HPPD, which is responsible for HGA production in the tyrosine catabolic 
pathway. 
To confirm the role of 4-HPPD in pyomelanin production, S. oneidensis MR-1 
cultures were grown in tryptic soy broth (TSB) and tyrosine supplemented LBSM for 48 hr 
in the presence or absence of sulcotrione, a competitive inhibitor of 4-HPPD.  Cultures 
grown in LBSM with both sulcotrione and tyrosine had no pigmentation relative to cultures 
without tyrosine (Table 1).  Decreased pyomelanin production of spent cell free TSB was 
evident from sulcotrione-treated cultures.  After 48 h of growth in LBSM with sulcotrione 
and no tyrosine, no pigmentation was detected (Table 1).  Sulcotrione did not affect growth 
in these studies.  Cell densities per ml from TSB (1.6x108 +3.5x107) were similar to those 
from TSB + sulcotrione (1.5x108 +3.4x107) and cell densities per ml from LBSM (4.4x107 
+2.6x106) were similar to those from LBSM + sulcotrione (4.4x107 +5.1x107).   
 
Genetic analysis of genes involved in melanin production.  Obvious homologs of 
tyrosinase or laccase were not identified in the genome sequence of MR-1 although a 
putative melA (SO1962) gene encoding 4-HPPD was present.  melA is located 120 base pairs 
downstream of an ORF encoding a conserved hypothetical protein (SO1963).  To identify the 
potential function of SO1963, we conducted protein-protein BLAST search across the NCBI 
non-redundant database.  The results of the search indicated that SO1963 is 45% identical 
and 61% similar to the putative homogentisate 1,2-dioxygenase from Bacillus anthracis 
strain Ames and 23% identical and 42% similar to the human homogentisate 1,2-dioxygenase.  
In many organisms, homogensitate 1,2-dioxygenase is a part of the tyrosine catabolic 
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pathway and is involved in the oxidation of homogentisic acid to maleyl-acetoacetate which 
is subsequently assimilated through the TCA cycle.  The genome sequence suggests the 
presence of a complete tyrosine degradation pathway in S. oneidensis MR-1 and its 
components are identified in the KEGG database (http://www.kegg.com). 
To elucidate the functions of SO1962 and SO1963 in melanin production, we 
generated in-frame deletion mutants lacking putative melA and hmgA genes.  The resulting 
mutants, ∆melA  and ∆hmgA,  were tested for production of pyomelanin during growth on 
tyrosine supplemented LBSM and TSB media.  Our results indicate that pyomelanin 
production was completely abolished in the ∆melA mutant, while ∆hmgA strain deficient in 
the putative HGA-oxidase displayed substantial overproduction of this electron shuttling 
compound relative to the wild-type S. oneidensis MR-1 (Table 1).  Interestingly, the 
overproduction of pyomelanin was most notable in stationary phase when the ∆hmgA strain 
was grown on minimal medium without the addition of tyrosine exceeding the wild-type 
production levels by 5- to 8-fold (Table 1).   
 
Pyomelanin production related to Fe(III)-oxide reduction.  Anaerobic resting cell studies 
with S. oneidensis MR-1 and H2 (as electron donor) were conducted to quantify the role of 4-
HPPD on pyomelanin production relative and subsequent HFO reduction.  For LBSM grown 
cultures, only those with tyrosine but without sulcotrione (melanized cells) demonstrated 
enhanced HFO reduction capacities compared to cultures grown with tyrosine +  sulcotrione, 
no tyrosine, or sulcotrione only (non-melanized cells) (Fig. 2A).  TSB grown cells with 
sulcotrione (non-melanized) also had a diminished capacity for HFO reduction compared to 
TSB grown cells without sulcotrione (Fig. 2B ). 
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Resting cell studies of mutant cultures and S. oneidensis MR-1 grown in TSB and 
tyrosine supplemented LBSM demonstrated increased HFO reduction capacity as a function 
of pyomelanin production.  ∆melA strain had a diminished capacity for HFO reduction 
relative to the control S. oneidensis MR-1 (Fig. 3A and 3B).  In contrast, the pyomelanin 
overproducing strain (∆hmgA) exceeded the HFO reduction capacity of S. oneidensis MR-1 
(Fig.3A and 3B).  Pyomelanin spiked cultures of ∆melA resulted in a substantial increase in 
HFO reduction compared to ∆melA without supplemental pyomelanin (Fig. 3B). 
 
Electrochemical analysis of electron transfer by pyomelanin.  Electrochemical studies 
were conducted in order to obtain a precise determination of electron transfer behavior at the 
cell surface relative to pyomelanin concentration.  Cyclic voltammograms (CV) from 
concentrated whole cell suspensions demonstrated redox activity as a function of pyomelanin 
content.  As shown in Figure 4, the wild-type and the two mutant strains demonstrated 
different CV as a function of pyomelanin production or exposure to pyomelanin during 
growth. 
The wild-type strain, S. oneidensis MR-1, had a formal potential (E°΄) of about     
-485 mV vs. Ag/AgCl, 3 M KCl reference, henceforth Ag(RE), as calculated from the 
oxidation peak (-423 mV vs. Ag(RE)) and reduction peak (-547 mV vs. Ag(RE))  (Fig. 
4A).  Another slight oxidation peak was produced by S. oneidensis MR-1 around 550 mV 
vs. Ag(RE) but a corresponding reduction peak was not detected  (Fig. 4A).  Only one 
redox couple was detected from ∆melA with a E°΄ of about – 566 mV vs. Ag(RE) (Fig. 
4B) and the current response was diminished compared to that of S. oneidensis MR-
1(Fig.4A and 4B).  Growth of ∆melA in the presence of 0.1 mg/ml of pyomelanin 
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resulted in an increase of the E°΄ to approximately – 474 mV vs. Ag(RE), similar to S. 
oneidensis MR-1 and 92 mV greater than ∆melA grown without supplemental 
pyomelanin (Fig. 4C).  In contrast, growth in the presence of pyomelanin resulted in 
increased current response of ∆melA (Fig 4C), indicating pyomelanin sorption to the cell 
surface.  In addition a second, small oxidation peak was detected around 470 mV vs. 
Ag(RE) and may be a result of pyomelanin addition. 
Two obvious redox couples were generated by CV of ∆hmgA (Fig. 4D).  The formal 
potential of one redox couple near -474 mV vs. Ag(RE) was similar to that of S. oneidensis 
MR-1 and the pyomelanin exposed culture of ∆melA (Fig. 4A, C, and D).  A second redox 
couple at E°΄= 114 mV vs. Ag(RE) was likely due to excessive surface associated 
pyomelanin produced by this strain.  To confirm this result, dried concentrated pyomelanin 
mixed with carbon paste was also analyzed.  The pyomelanin/carbon paste electrode 
demonstrated redox activity with an oxidation peak similar to that of the second oxidation 
peak of ∆hmgA, but a more positive reduction peak relative to ∆hmgA (Fig. 4D and 4E) with 
the resulting E°΄= 253 mV vs. Ag(RE) .  The differences in the CV between the concentrated 
pyomelanin and ∆hmgA may be indicative of how pyomelanin is incorporated onto the cell 
surface. 
Cell-free supernatant fluid from the suspensions analyzed above did not produce 
significant electrochemical activity, demonstrating that the CV of the cell suspensions were 
due to electrochemical activity at the cell surface and not electron shuttles in the bulk 
solution. 
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Prolonged growth in LBSM without tyrosine; pigment production and HFO reduction.  
In order to determine if pyomelanin production was possible without exogenous tyrosine, 
cultures were grown in LBSM without tyrosine for extended periods.  Growth in LBSM did 
not result in any detectable pyomelanin production within the first 48 h by any of the strains 
(Table 1).  The HFO reduction rates displayed by resting cells from these cultures were also 
similar (data not shown).  However, when incubation was prolonged to 240 h, pyomelanin 
was detected in the spent medium and cell surfaces of ∆hmgA and S. oneidensis MR-1 (Table 
1).  In subsequent resting cell studies carried out as above, the ∆hmgA strain reduced HFO to 
the greatest degree, followed by S. oneidensis MR-1, with the least HFO reduction displayed 
by ∆melA (Fig. 5). 
 
Discussion 
Bacterial activity plays an increasingly appreciated role in biogeochemical cycling of metals 
in the environment.  An understanding of specific mechanisms involved in this phenomenon 
is necessary to more fully address dissimilatory metal reduction and its role in 
biogeochemical cycling of metals and other key elements such as carbon, nitrogen, and sulfur.  
DMRB, especially in the genus Shewanella, possess a complex respiratory network and 
utilize a variety of strategies for metal reduction (Lloyd, 2003; Turick et al., 2003; Gorby et 
al., 2006). The delineation of these mechanisms is important in order to understand their 
complexity and possible synergy with the bacterial cell.  Environmental nutrient availability 
and its effect on specific metal reduction mechanisms is important to understand in order to 
comprehend and predict biogeochemical changes, especially in relation to bioremediation.    
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Here we showed that S. oneidensis MR-1 utilizes tyrosine to produce HGA by way of 
the enzyme 4-HPPD.  The resultant pigment, pyomelanin is also produced by S.  collwelliana 
(Fuqua et al., 1993; Ruzafa et al., 1994) and was tentatively identified from S. algae BrY 
(Turick et al., 2002; 2003).  The absence of HGA oxidase or its decreased activity relative to 
4-HPPD results in the overproduction of HGA leading ultimately to extracellular pyomelanin 
formation.  The absence of pyomelanin production from the ∆melA strain and the abundance 
of pyomelanin from the ∆hmgA strain confirmed the genetic pathway involved in 
pyomelanin production in S. oneidensis MR-1.  The high concentration of pyomelanin 
produced by ∆hmgA compared to the wild type MR-1, indicated that the HGA oxidase is 
functional but its activity is lower than that of the upstream enzyme 4-HPPD in the wild type 
strain, resulting in excess HGA production.   
When melanin is produced by DMRB, this redox active metabolite mediates electron 
transfer to solid-phase metal oxides by S. algae BrY (Turick et al., 2002; 2003).  In this study 
we demonstrated the production of pyomelanin by S. oneidensis MR-1 and the relative 
significance of this metabolite as a mechanism for solid-phase electron transfer in relation to 
tyrosine concentrations.  Tyrosine concentrations in both TSB and LBSM correlated to 
pyomelanin production and increased HFO reduction when pyomelanin production was 
inhibited and when the genetic mutants were incorporated into the studies. Addition of 
soluble pyomelanin to resting cell studies of ∆melA confirmed that pyomelanin was 
responsible for significant acceleration of HFO reduction by the pyomelanin over producer 
∆hmgA.   
 Association of pyomelanin with bacterial surfaces also enhances electron transfer to 
solid-phase terminal electron acceptors (Turick et al., 2003).  Due to the redox cycling 
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behavior of pyomelanin, its close association with the bacterial surface presents an efficient 
process that permits a low concentration of pyomelanin to be used repeatedly for electron 
transfer.  Our electrochemical studies were developed to determine the degree of enhanced 
electron transfer conferred to the cell surface by pyomelanin.  This technique has several 
advantages over conventional wet chemistry techniques for determining electron transfer 
kinetics.  We were able to determine specific surface associated redox couples through CV 
and demonstrate the contribution pyomelanin made to enhanced electron transfer at the cell 
surface. 
Pure cytochromes of the DMRB Goebacter sulferreducens demonstrate 
electrochemical activity (Magnuson et al., 2001).  In addition, cell suspensions of various 
strains of S. oneidensis exhibit different electrochemical responses with CV as a result of 
mutations in electron transfer capacity (Kim et al., 2002).  Here, we demonstrated that 
pyomelanin production also affects solid-phase electron transfer behavior of S. oneidensis.  
The increase in E°΄ of ∆melA grown in the presence of pyomelanin (estimated to be the same 
concentration of pyomelanin produced by S. oneidensis MR-1) essentially restored the E°΄ of 
this strain to that of S. oneidensis MR-1 and the more negative redox couple of ∆hmgA.  This 
provided strong evidence that existing electron transfer mechanisms are enhanced through 
surface complexation of pyomelanin. 
A second redox couple at about +500 mV vs. Ag(RE), barely detectable in the CV 
of S. oneidensis MR-1 was obvious from the CV of the pyomelanin over producer 
∆hmgA and can be attributed to pyomelanin.  This is based on the CV of concentrated 
pyomelanin and the absence of such a redox couple from ∆melA.  The difference in redox 
couples between the pyomelanin over producer and pyomelanin alone may be a result of 
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pyomelanin integration onto the bacterial membrane.  Peak-to-peak separation of 
oxidation and reduction waves in Figs. 4D and 4E allowed for the calculation of apparent 
rate constants via Laviron’s theory (Laviron, 1983;  Finklea, 2001). Apparent rate 
constant (ko)  values obtained were 4.0 x 10-6 s-1 for ∆hmgA  and 2.1 x 10-4  s-1 for 
pyomelanin in carbon paste. The 50 times greater ko value obtained for concentrated 
pyomelanin may be indicative of the degree of hydration or how pyomelanin is 
incorporated into the cell surface, especially in relation to the potential insulating 
properties of exopolysaccharides (Finkenstadt, 2005).  
A key nutritional requirement for pyomelanin production is tyrosine and/or 
phenylalanine, where phenylalanine is converted to tyrosine in this pathway (Lehninger, 
1975).  A portion of this present study focused on the complex medium TSB and the defined 
LBSM (with equivalent tyrosine concentrations to TSB) in order to delineate the role of 
tyrosine in both pyomelanin production and enhanced electron transfer.  Enzyme inhibition 
of pyomelanin production as well as directed mutagenesis studies targeted 4-HPPD. Both 
approaches were successful in preventing pyomelanin production. The presence of tyrosine 
as a component of growth media from previous studies with S. oneidensis MR-1 likely 
contributed to pyomelanin production and hence influenced metal reduction rates. Increased 
pyomelanin production from TSB compared to LBSM with supplemental tyrosine may be a 
result of phenylalanine also present in TSB. 
Environmental concentrations of tyrosine or phenylalanine are expected to promote 
pyomelanin production and thus contribute to increased biogeochemical cycling of metals.  
The presence of tyrosine and phenylalanine in soils varies and may play a useful role in 
predicting biogeochemical activity in the subsurface.  For instance, tyrosine and 
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phenylalanine concentrations have been shown to range from 10 – 632 mg/kg in various soils 
(Martens and Loeffelmann, 2003: McLain and Martens, 2005).  Since pyomelanin production 
is linearly related to tyrosine concentration and minute quantities of pyomelanin are needed 
per cell to increase electron transfer rates (Turick et al., 2002), tyrosine and phenylalanine 
concentrations reported from environmental studies would be sufficient to produce enough 
pyomelanin to accelerate metal reduction rates in the subsurface.  Our evidence for 
pyomelanin production from prolonged incubation suggests that lysed cells in high 
concentration may provide enough amino acid precursors for pyomelanin production.  The 
low concentration of pyomelanin associated with S. oneidensis MR-1 from prolonged growth 
in LBSM was enough to increase HFO reduction by about 10% and corroborates previous 
reports (Turick et al., 2002).  This scenario is likely in the environment, especially in 
biofilms and could also contribute to accelerated electron transfer. 
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Experimental Procedures 
Growth conditions.  Cultures were maintained on tryptic soy agar throughout the study.  
Tryptic soy broth (TSB) and a lactate (70 mM) basal salts medium (LBSM) (Turick et al., 
2002) with or without 300 mg/l of tyrosine were used for pyomelanin studies.  Tyrosine 
concentrations of LBSM were based on that of TSB (McCuen, 1988).  Growth conditions 
were at 25°C, 25 ml, and shaken (100 rpm) in an aerobic environment for 48- 72 h, unless 
specified otherwise.  Specific growth media were inoculated with 24 h cultures grown in the 
same medium.  To determine if pyomelanin production occurred without supplemental 
tyrosine, cultures were grown in LBSM for 48 and 240h under the same conditions above.  
For electrochemical studies cultures were grown in TSB (as above) for 72h.  To determine 
the effect of surface associated pyomelanin on electron transfer, sterile pyomelanin (0.1 
mg/ml) was added to some cultures of the pyomelanin deficient strain (∆melA) after 24h of 
growth. 
 
Pigment characterization.  Cell-free spent growth medium (LBSM with 300 mg/l tyrosine)  
of S. oneidensis MR-1 were assayed for melanin precursors DOPA and/or HGA by high-
pressure capillary electrophoresis (HPCE) with a Celect H150 C-8 bonded phase capillary 
column.  Standards (DOPA and HGA) were dissolved in 4 mM ascorbate, (to prevent 
oxidation of precursors to melanin pigments) to a final concentration of 4 mM each. HGA 
and DOPA were also determined by colorimetric methods.  DOPA analysis consisted of the 
DOPA nitration method (Waite and Benedict, 1984).  HGA content was determined based on 
its reaction with cysteine to form 1, 4-thiazine, according to the methods of Fellman et al. 
(1972). To determine if laccase activity contributed to melanin formation cultures were 
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grown with 10 and 25 g/l of glucose in BSM with 300 mg/l tyrosine because laccase is 
inhibited above 20 g/l (Frases et al., 2007).  
Characterization of spent cell-free media to determine humic and melanin type 
properties was performed as previously described (Ellis and Griffiths, 1974; Turick et al., 
2002).  Soluble pyomelanin was quantified spectrophotometrically (OD400) as previously 
described (Turick et al, 2003).  This technique incorporated known concentrations of 
concentrated bacterial pyomelanin and pure pyomelanin produced by the autooxidation of 
HGA that served as quantitative standards. 
Cell associated pyomelanin was quantified initially as previously described (Turick et 
al., 2003) incorporating the nitro blue tetrazolium assay (Paz et al., 1991).  Results from this 
assay compared well to a spectroscopic analysis (OD400) of cell suspensions, which was used 
throughout the study.  The methods included a known cell density of pyomelanin producing 
cells blanked against an equal cell density of the pyomelanin deficient strain (∆melA).  
Pyomelanin was quantified as described above and calculated per cell.  Cell density was 
determined with acridine orange staining and an epifluorescence microscope (Hobbie et al., 
1975)     
 
Inhibition of pyomelanin production.  Sulcotrione [2-(2- chloro- 4- methane 
sulfonylbenzoyl)-1, 3-cyclohexanedione)] (Zeneca Ag. Products, Richmond, CA) is a potent 
inhibitor of 4-HPPD (Schulz et al., 1993; Secor, 1988; Lee et al., 1997).  S. oneidensis MR-1 
was grown for 48 h in tyrosine-supplemented LBSM or TSB with 18 µM sulcotrione to test 
its effects on melanin production. Sulcotrione was added continuously with a syringe pump 
to maintain an 18 µM concentration.  Melanin production was completely inhibited with 18 
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µM sulcotrione.  Cell density and growth were not affected by the sulcotrione concentration 
tested (data not shown).  
 
Construction of melA and hmgA mutants of S. oneidensis MR-1.  In-frame deletion 
mutagenesis was performed using the method originally described by Link et al. (1997) with 
minor modifications.  Upstream and downstream fragments flanking the target locus were 
PCR amplified using S. oneidensis MR-1 genomic DNA and fused via overlap extension 
PCR (Ho et al., 1989).  The fusion PCR amplicon was ligated into XcmI digested pDS3.1 
(Wan et al., 2004).  The resulting recombinant plasmids were used to transform E. coli ß-
2155 (Dehio and Meyer, 1997) or WM3063 (Saltikov et al., 2003) and subsequently 
transferred to S. oneidensis MR-1 by conjugation.  The primary integrants were selected by 
plating on LB medium containing 7.5 µg/ml gentamycin.  Selection for a second homologous 
recombination to remove the plasmid sequence was accomplished by sucrose counter-
selection (Blomfield et al., 1991).  Sucrose-resistant colonies were screened for sensitivity to 
gentamycin and then screened for deletion of the gene of interest using PCR.  The resulting 
PCR amplicon was then used as the template for DNA sequencing of the deleted and 
flanking regions involved in the recombination events (ACGT, Inc. Wheeling, IL). 
 
Quantification of electron transfer.  The Fe(III) oxide, hydrous ferric oxide (HFO) was 
used in resting cell studies in carbonate buffer as previously described (Turick et al., 2003) in 
order to quantify Fe(III) reduction by measuring Fe(II) evolution over time.  An autoclaved 
pyomelanin solution (1mg/ml final concentration) was spiked into selected suspensions of 
∆melA in order to determine its effect on HFO reduction.  Cell densities in these studies were 
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normalized to108 cells/ml as determined with acridine orange staining and an epifluorescence 
microscope (Hobbie et al., 1975).  Fe(II) was measured spectrophotometrically using the 
ferrozine assay as described elsewhere (Turick et al., 2003). 
In order to more precisely characterize the role of pyomelanin as a surface associated 
electron shuttle, electrochemical studies were designed for whole bacterial cells.  Cyclic 
voltammetry comprises electrochemical techniques that provide information of the 
electrochemical activities of materials by sweeping the potential back and forth at 
predetermined rates.  Potential sweeps in the positive direction result in oxidation peaks and 
reduction peaks are evident when the potential is swept in the negative direction.  Our studies 
incorporated concentrated suspensions (10 x) of whole bacterial cells under anaerobic 
conditions.  Operational conditions included washed (3x) cell suspensions of cultures grown 
aerobically in TSB (above).  Cultures were resuspended in phosphate buffered saline (PBS) 
for electrochemical studies.  Cell suspensions were made anaerobic by a continuous nitrogen 
purge for 15 min. prior to electrochemical analyses.  Electrochemistry studies included a 
Ag/AgCl reference electrode, a Pt counter electrode and carbon paste working electrode 
(Bioanalytical Systems), all immersed into the anaerobic cell suspension that was blanketed 
with nitrogen gas throughout the studies.  Potential sweep originated in the positive direction 
at a rate of 850 mV/sec for all CV in this study, using a model 100B/A potentiostat 
(Bioanalytical Systems).  A total of six sweeps were performed with each culture.  Duplicate 
CV of each assay were averaged and the 5th and 6th averaged sweeps were reported here.  For 
each set of experiments with each culture, working electrodes were rinsed in deionized water 
followed by a methanol rinse and then sonicated for 10 minutes in deionized water.  The 
cleaned electrodes were then air dried prior to the next study.  Each study included a CV of 
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the washed bare electrode in PBS that served as a no-cell control for the next series of 
voltammetry studies for each strain analyzed.  In addition, cell free liquid from each cell 
suspension was analyzed (as above) for electrochemical activity in the bulk phase. 
Apparent rate constant values (ko values) were derived for a 1-electron transfer 
mechanism, by simulating the CV with the software provided for the Model 660a 
Electrochemical Workstation by CH Instruments (Austin, TX).   
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Table 1.  Production of pyomelanin by wild-type and mutant strains of Shewanella oneidensis MR-1. 1 
 2 
 3 
                                                      Soluble pyomelanin (mg/ml)                                      Cell-associated pyomelanin (fg/cell) 4 
                              ________________________________________________          _____________________________________ 5 
                     
Strain TSB LBSM + 300 
mg/l 
Tyrosine 
(48h) 
 
LBSM (48h) 
 
LBSM  (240h) TSB LBSM + 300 
mg/l Tyrosine 
(48h) 
LBSM  no 
tyrosine (240h) 
MR-1 0.427 (0.046) 0.270 (0.025) ND  0.032 (0.009) 66.32 (4.63) 36.50 (4.60) 4.14 (0.964) 
        
MR-1 + 
sulcotrione 
ND1 ND ND NI2 NI NI NI 
        
∆melA ND ND ND ND ND ND ND 
        
∆hmgA 0.987 (0.167) 0.680 (0.074) ND  0.162 (0.003) 153.40 (16.87) 86.44 (16.70) 37.07 (3.214) 
        
1. ND – not detected 6 
2. NI – not included in assay 7 
Standard deviation in parentheses  8 
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Figure Legends 1 
 2 
Fig. 1. HPCE analysis for melanin precursors. After 18 h incubation of S. oneidensis MR-1, 3 
spent culture supernatant liquids were analyzed as described in the experimental procedures 4 
section. Panels: (A) 18 h S. oneidensis MR-1 (B) HGA and DOPA standards. 5 
 6 
Fig. 2. Resting cell studies demonstrated inhibitory effects of sulcotrione on pyomelanin 7 
production and HFO reduction by S. oneidensis MR-1. (A) Cells pregrown in LBSM (n), 8 
LBSM and sulcotrione (∆), LBSM with tyrosine (g), and  LBSM with tyrosine and 9 
sulcotrione ();  (B) Cells pregrown in tryptic soy broth with () and without  (g) 10 
sulcotrione. 11 
  12 
Fig. 3.  HFO reduction by 3 strains of S. oneidensis.  Resting cell studies of cells pregrown in 13 
(A) TSB and (B)LBSM + 300 mg/l tyrosine, demonstrated increased HFO reduction 14 
efficiency by the pyomelanin over-producing strain (∆hmgA) (♦) relative to MR-1(■) and the 15 
pyomelanin deficient mutant (∆melA) (▲), which demonstrated the least amount of HFO 16 
reduction. Addition of pyomelanin (10µg/ml) to resting cell cultures of ∆melA (∆) pregrown 17 
in LBSM demonstrated drastically increased levels of HFO reduction.  18 
 19 
Fig. 4. Cyclic voltammetry of whole cell suspensions. Cultures grown in TSB for 72 hr, 20 
washed and centrifuged 3 times in PBS then concentrated 10 fold.  Voltamograms were 21 
produced with a carbon paste working electrode, Pt counter electrode andAg/AgCl ref. 22 
electrode. Sweep rate was 850 mV/sec. Redox activity of whole cell suspensions was a 23 
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function of pyomelanin content.(A) S. oneidensis MR-1; (B) Pyomelanin deficient strain 1 
(∆melA); (C) Pyomelanin deficient strain (∆melA) incubated with 10 µg/ml pyomelanin; (D) 2 
Pyomelanin overproducing strain (∆hmga). Pyomelanin increased formal potential of redox 3 
couples and increased current response from cells. (E) Electrochemical activity of dried 4 
pyomelanin incorporated into a carbon paste electrode.  5 
 6 
Fig. 5. HFO reduction by 3 strains of S. oneidensis after prolonged incubation (10 days) in 7 
LBSM without exogenous tyrosine. Resting cell studies of cells pregrown in LBSM but 8 
without tyrosine, demonstrated increased HFO reduction efficiency by the pyomelanin over-9 
producing strain (∆hmga) (♦) relative to MR-1(■) and the pyomelanin deficient mutant 10 
(∆melA) (▲), which demonstrated the least amount of HFO reduction.   11 
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